ABSTRACT: Diazirines are important for photoaffinity labeling, and their photoisomerization is relatively well-known. This work shows how hyperpolarized NMR spectroscopy can be used to characterize an unstable diazo-compound formed via photoisomerization of a 15 N 2 -labeled silyl-ether-substituted diazirine. This diazirine is prepared in a nuclear spin singlet state via catalytic transfer of spin order from para-hydrogen. The active hyperpolarization catalyst is characterized to provide insight into the mechanism. The photochemical isomerization of the diazirine into the diazo-analogue allows the NMR invisible nuclear singlet state of the parent compound to be probed. The identity of the diazo-species is confirmed by trapping with N-phenyl maleimide via a cycloaddition reaction to afford bicyclic pyrazolines that also show singlet state character. The presence of singlet states in the diazirine and the diazo-compound is validated by comparison of experimental nutation behavior with theoretical simulation. The magnetic state lifetime of the diazo-compound is determined as 12 ± 1 s in CD 3 OD solution at room temperature, whereas its chemical lifetime is measured as 100 ± 5 s by related hyperpolarized NMR studies. Indirect evidence for the generation of the photoproduct para-N 2 is presented.
■ INTRODUCTION
Diazirines exhibit significant photochemistry, 1−3 and their photoisomerized diazo-products are versatile tools employed in chemical synthesis 4 and chemical biology. 5−7 In fact, their complex reactivity has interested the physical chemistry community for many years, with the importance of these compounds having increased due to their proven capabilities as good photoaffinity probes and molecular tags. 8−14 Recently, the successful hyperpolarization of 15 N 2 -diazirines via the SABRE-SHEATH (Signal Amplification By Reversible Exchange in Shield Enables Transfer to Heteronuclei) hyperpolarization technique has dramatically widened their relevance as it established that their 15 N NMR signals can be enhanced to the point where they should be observable by in vitro or in vivo magnetic resonance imaging (MRI). 15, 16 In this Article, we exploit SABRE to prepare the diazirine in selected nuclear spin orientation and identify a diazirine complex as the active catalyst. We then use photoisomerization to produce the diazo-product, which is now available to NMR detection. We characterize this unstable intermediate and probe its kinetic evolution by NMR spectroscopy. Furthermore, we trap it by a 1,3 dipolar cycloaddition reaction, with singlet state retention, to provide further reaction rationalization. We finally discuss how this photochemical pathway can lead to the generation of para-N 2 .
The two main photochemical pathways of diazirines that have been experimentally established by matrix photochemistry 17−19 and laser flash photolysis 20, 21 (351 nm) correspond to the generation of a carbene with concomitant N 2 extrusion (Scheme 1a), and photoisomerization to a linear diazo-isomer 22 (Scheme 1b). The resulting diazo-species have been observed to decompose into a carbene and N 2 gas as a result of secondary photolysis (Scheme 1c). Experimental studies of matrix photochemistry and theoretical calculations convincingly demonstrated that the formation of the diazoisomer can take place through recombination of the carbene and N 2 . 17 However, this photoprocess is again wavelength dependent with shorter or longer wavelengths favoring isomerization or N 2 ejection depending on the reaction conditions or diazirine substitution pattern. 23 While parent alkyldiazirines are stable compounds in solution, their diazoanalogues are very labile species, and as a consequence their trapping is often difficult, requiring the use of special methods. 1 Diazirines are a special class of cyclic-azo compounds in which the electrons in the HOMO are located on the N atoms to just ∼55% with the remainder being delocalized within the molecule. 24 2+ with a stoichiometric amount of 3,3-pentamethylenediazirine under argon; coordination via a single nitrogen was established by X-ray crystallography, but no spectroscopic characterization in solution was achieved as rapid oxidation took place to yield the dinitrogen-Ru analogue and cyclohexanone. 26 Nonacarbonyldiiron Fe 2 (CO) 9 was also reported to react with 3,3-dimethyldiazirine in tetrahydrofuran to afford a relatively unstable complex in which two Fe(CO) 4 groups were each σ-bound to a nitrogen atom of the diazirine (Scheme 2a). This complex was found to decompose slowly in solution affording complexes of the type shown in Scheme 2b where two molecules of diazirine have reacted with the loss of N 2 and then coordinated to the Fe center. 27 Cu(110) and Pd(110) surfaces have been employed to study the dissociative adsorption of diazirines at 124 K, and, while selective NN bond scission took place at Cu, both NN and CN bond scission were observed for Pd. 28, 29 In fact, most of the reactions between diazirines and a metal complex seem to afford a metal-carbene species via diazirine decomposition to the reactive carbene and N 2 . 30−33 SABRE is a non hydrogenative PHIP (Para Hydrogen Induced Polarization) technique that builds on the earlier work of Bowers, Weitekamp, Eisenberg, and Bargon. 34, 35 It relies on the reversible binding to a suitable metal complex of both parahydrogen (p-H 2 ) and, in this case, a diazirine, to mediate hyperpolarization transfer into the free ligand. 36 The SABRE-SHEATH variation uses a lower-field condition to build up 15 N diazirine polarization efficiently. It has also been reported to create long-lasting signals that remain visible for 5.8 min after storage at 120 G in the case of 2-cyano-3-(d 3 -methyl-15 N 2 -diazirine)-propanoic acid with >10 000-fold signal enhancements. Furthermore, a long-lived nuclear singlet spin order was created between the pair of chemically inequivalent 15 N nuclei in this 15 N 2 -labeled diazirine whose lifetime was 23 min at 3 G. However, when the same experiment was repeated at a 10 000 G (1 T) storage field, the lifetime reduced drastically to 12 s. 15 Measurement of the hyperpolarized signal lifetimes of the diazirine as a function of substitution pattern gave useful insights into the magnetization transfer mechanism of SABRE-SHEATH, but the active SABRE species were not characterized experimentally, although possible products involving different coordination modes were proposed. 16 Recently, 15 N 4 -1,2,4,5-tetrazines were hyperpolarized via this approach and prepared in different spin orders. In addition, the bioorthogonal reaction of this species with cyclooctyne afforded hyperpolarized products. Indirect evidence for the generation of para-15 N 2 gas was also presented. 37 ■ RESULTS SABRE-SHEATH Mechanism. This study employed the SABRE catalyst Ir(d 22 -IMes)(COD)(Cl) 1 (where the IMes ligand is fully deuterated except for the pair of imidazolyl protons), and it involved examination of the silyl-ethersubstituted diazirine 2 labeled with 15 N 2 by 1 H NMR spectroscopy under SABRE and SABRE-SHEATH conditions (Scheme 3). To do this, solutions of 1 (5 mM) in the presence of excess pyridine-d 5 (200 mM) and excess 2 (150 mM) were utilized. Pyridine plays a role as a coligand in this process and is essential to the formation of the active SABRE catalyst. These CD 3 OD (0.5 mL) solutions were activated via the addition of p-H 2 (4 bar) to the NMR tube prior to monitoring.
The SABRE-SHEATH process was then undertaken under conditions similar to those reported by Shen et al. 16 Briefly, the solution was either manually shaken or bubbled for 20 s inside a μ-metal shield (at ∼0.5 μT measured by a milliGauss meter). These experimental conditions allowed hyperpolarization to be transferred from p-H 2 to the 15 N nuclei of 2 through SABRE (δ 465, Figure 1a,b) . In addition to 15 N sensitization, hyperpolarization is also transferred to the proton resonances of the CH 3 and CH 2 alkyl groups that are adjacent to the On the basis of these observations, we assigned these two compounds to two isomeric forms of the iridium dihydride complex 3 shown in Scheme 4.
The two isomers of 3 are the active catalysts for SABRE as they possess one hydride that lies trans to a pyridine (resonances at lower δ) and the other hydride that lies trans to a 15 N-labeled diazirine (resonances at higher δ that display 15 N splitting). This experimental evidence agrees with previously reported DFT (Density Functional Theory) calculations that indicate η 1 single-sided N-coordination. 15 The two isomers 3a and 3b arise from binding of the Ir-center to one of the 15 N centers of the diazirine, which renders them inequivalent. The two forms interconvert rapidly at room temperature such that broad hydride signals result (Scheme 4). The hopping of the Ir center from one 15 N to the other is slowed at 273 K to the point where these two species become well distinguished. The formation of 3, and identical dynamic behavior, was observed when a similar reaction mixture was activated and analyzed on a larger scale via a flow reactor. 39, 40 Species related to 3 are also observed when a diazirine was employed in which the OTBS group of 2 is replaced by a carboxylic acid moiety (see the Supporting Information). Complex 3 is, to the best of our knowledge, the first example of a diazirine metal complex that has been characterized in solution by NMR spectroscopy where coordination to iridium proceeds through a single nitrogen atom. A theoretical analysis of the structure and J-coupling network associated with 3 is provided in the Supporting Information; although the reported theory has been described before, 15 we include it to allow the reader to gain a better understanding of the experiments.
Photochemistry. A reaction mixture analogous to that described earlier was prepared and activated by bubbling p-H 2 through the solution in the mixing chamber for 10 min. The hyperpolarization transfer process was then performed in a μ-metal shield (SABRE-SHEATH). Under these conditions, large signal enhancements were observed for the 15 N response of 2 as already reported by Shen et al. 16 For comparison purposes, the signal-to-noise ratio (SNR) in the corresponding 128 scan thermal reference spectrum was measured to be ≃7, 
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Article while it became ≃230 in the single scan hyperpolarized spectrum. Zeeman polarization associated with 2 is therefore measured via this process. The hyperpolarization of the 15 N 2 -labeled-diazirine 2 will be the result of a mixture of direct polarization (SABRE-SHEATH) and singlet state transfer under ultralow magnetic field (mG). However, at relatively higher magnetic fields (1− 1000 G), the formation of the singlet will be dominant with negligible contribution from direct magnetization. 15 Furthermore, the singlet form can have a remarkably long magnetic state lifetime due to its symmetric character as exemplified by p-H 2 whose reported lifetime is several months. 37, 41 However, it must be noted that because pure singlet states are nonmagnetic, they cannot be detected directly by NMR until their symmetry is broken. We achieve symmetry breakage by irradiating the sample in a quartz mixing chamber, which is at the Earth's magnetic field, with a broadband UV−vis lamp (either at λ > 290 nm or λ > 345 nm) for 20 s while p-H 2 is bubbled through it. After this time, photolysis is stopped, and the solution is transferred into the NMR spectrometer (transfer time ≃ 2 s). A new hyperpolarized compound is then detected with an excellent SNR (≃165, 1 scan) by 15 N{ 1 H} NMR spectroscopy. Furthermore, a control experiment performed without irradiation confirmed this species as a photoproduct of 2.
The new compound displayed two inequivalent nitrogen environments that are coupled to each other (δ 447 and δ 316, J NN = 11 Hz) (Figure 3a) . Interestingly, when the experiment was repeated without 1 H decoupling, the 15 N peak at lower δ appeared as a doublet of sextets (Figure 3b ). This fine structure suggested that one of the two inequivalent nitrogen centers interacts with the five nearby proton environments of CH 2 and CH 3 groups via a J NH coupling of 2.7 Hz. On the basis of these observations, we assign the new species to the predicted photoisomerization product alkyl diazo-4 of Scheme 5 where the signal at δ 316 can be assigned as the one corresponding to the N in the position α to carbon (N b , The generation of 2 in a nuclear singlet state is revealed through its photochemical conversion to 4 as the originally equivalent 15 N nuclei now become inequivalent. Figure 4 describes the evolution of the singlet state from low to high magnetic field. The singlet order will evolve under the depicted adiabatic pathways (Figure 4a ) during this transfer to overpopulate the |αβ⟩ state. However, a 90°degree pulse will result in the signal shown in Figure 4b (i) where the four possible transitions are depicted in the color-coded energy level diagram. Thus, the best way to probe the singlet state is by applying a small flip angle pulse (avoiding the apparent coherence of the |αβ⟩ and |βα⟩ states) and only detecting the outer transitions, which are derived from the selective population of the |αβ⟩ state (Figure 4b(ii) ). 44−46 The resulting spectral pattern will therefore depend on the magnitude of the pulse flip angle. Figure 4d shows the SpinDynamica 47, 48 simulated NMR spectra of 4 according to the transitions of Figure 4a . Experimental findings show the predicted change in inner and outer peak intensities (Figure 4c ). This behavior is striking evidence for these resonances being derived from a true singlet state.
We have already established that 1 H hyperpolarization transfer proceeds through nitrogen by reference to the parent diazirine. Analysis of the corresponding 1 H NMR spectrum after irradiation showed the appearance of hyperpolarized peaks for the CH 3 and CH 2 groups, which are adjacent to 15 N in the diazo-product 4. These resonances displayed a coupling of 2.4 Hz, which disappears when 15 N is decoupled (see the Supporting Information). They are only visible under photolytic conditions indicating that transfer from the singlet state into these 1 H resonances occurs.
49−51
The detection of alkyl diazo-compounds has been achieved previously by time-resolved techniques and by matrix photochemistry. 1, 17 Very few of these compounds are isolable as a result of their extreme reactivity, and therefore they have not generally been characterized by NMR spectroscopy. Our success in using NMR spectroscopy to detect 4 is the result of combining the benefits of hyperpolarization and the long-lived singlet state character of 2. It should be noted that when the same experiment is performed employing the diazirine with the carboxylic acid group instead of the OTBS, the diazo-species was not detected, probably due to high reactivity and very short lifetime.
Diazoalkane 4 can also be detected when this reaction is performed in an NMR tube rather than a flow reactor under hyperpolarized conditions. The sealed nature of the system results in the detection of an extra resonance at δ 309 for ortho-15 N 2 alongside those for 4 (see the Supporting Information); we hypothesize that N 2 gas is formed in a nonequilibrium state. The observation of N 2 is consistent with the predicted photochemistry of 2, and concomitant formation of the corresponding carbene is required. Both CD 3 OD and pyr-d 5 would be predicted to trap this intermediate under these reaction conditions. 20, 21, 30, 52 The presence of the methanol adduct was confirmed by LIFDI mass spectrometry analysis of the reaction mixture after photolysis (see the Supporting Information). We can therefore conclude that the formation of 4 runs alongside that of the carbene and N 2 , which also can be produced from 4.
Further control experiments were performed to validate these pathways. First, no hyperpolarization was observed in the absence of the iridium catalyst or pyridine, either with or without photolysis. In addition, diazo-4 could only be detected by NMR through its hyperpolarized response. A second set of measurements was then made on a CD 3 OD solution containing the catalyst 1, the diazirine 2, and pyr-d 5 
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Article pulse) even 90 s after initial singlet state preparation with 20% of the original signal intensity. Their appearance was again indicative of singlet state behavior (i.e., only outer peaks observed; see the Supporting Information). This confirms that the singlet state in diazirine 2 can be unlocked by photochemical conversion to 4.
Furthermore, the same enhanced resonances of 4 were observed if the reaction mixture was photolyzed prior to bubbling with p-H 2 (Figure 5b) . Additionally, compound 4 could still be detected if the resulting solution was repolarized by flushing p-H 2 through the previously irradiated solution. Hence, it can be concluded that diazo-4 can also be polarized by SABRE through its reversible coordination to iridium in a way similar to that of 2. This is not unexpected as diazocompounds have been reported to act as good coordinating ligands. 53 However, the diazo-compound 4 cannot be hyperpolarized in the absence of pyridine. 15 We therefore propose a complex of the type [Ir(H) 2 (IMes)(py) 2 (4)]Cl to be the SABRE active catalyst. We noted, however, that the expected PHIP-enhanced hydride signals for the [Ir-(H) 2 (IMes)(py) 2 (4)]Cl are not visible even at 253 K. Hence, very weak substrate binding or very fast ligand exchange is indicated.
Additional evidence for the formation of 4 was achieved by adding N-phenyl maleimide to the reaction mixture, which is well-known to act as a trapping agent for diazo-species. 54, 55 The resulting 1,3-dipolar cycloaddition reaction affords bicyclic pyrazoline (5a and 5b) in a 1:0.9 ratio of the diastereomers (Figure 6a 1 H} NMR spectrum. However, as these products are now stable, they can subsequently be detected by normal NMR. The same bicyclic pyrazoline product ratio was determined under these non-hyperpolarized conditions, and no peaks for 4 were visible, confirming its instability and conversion into 5 (Figure 6b ). We therefore conclude that the hyperpolarization levels exhibited by these secondary reaction products are indicative of their proportions. Thus, a common reaction pathway involving both retention of nuclear spincorrelation and diamagnetic electron-spin pair transfer during the cycloaddition reaction is indicated. 56 These deductions are based on the up/down resonance phases seen for the 15 N NMR peaks of 5a and 5b, which indicate they derive from an initial singlet state.
Compounds 5a and 5b were again found to repolarize when p-H 2 was flushed through the solution, thereby proving their ability also to coordinate to 16-electron [Ir(H) 2 (IMes)(py) 2 ]-Cl. Logically, these results demonstrate that the nuclear singlet state of 2 is retained during its conversion first to 4 and then to 5. We have therefore established the potential of such a hyperpolarization route to track a complex multistep organic reaction.
57−60
Chemical and Nuclear Spin Order Lifetimes. The singlet state lifetime T S of the NMR invisible state of 2 can be probed indirectly via photochemistry once it has been successfully prepared by SABRE. To do this, a sample was subject to initial p-H 2 polarization (20 s) prior to the cycling of low field photolysis and subsequent high field NMR detection of 4. Our estimate of the resulting lifetime of 2 is 17 ± 3 s (at 9.4 T), which lies close to that previously reported for related species under these reaction conditions. 15, 16 Unfortunately, we were able to collect only three points, which gives us the estimated value with large error (see the Supporting Information). Theis et al. have also demonstrated that the lifetimes of such states can be extended by storage at an appropriate low field. 15 However, this situation is complicated by the fact that 4 should be unstable. We probed its lifetime T S directly by NMR. This involved a series of measurements where the sample was photolyzed for 20 s with concomitant p-H 2 bubbling in the Earth's magnetic field prior to storage at the same field for a set time before subsequent transfer into the high field for observation. After FID acquisition, the solution was left for a further 60 s in the NMR spectrometer to ensure full relaxation prior to transfer back to the mixing chamber. 
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Article The resulting NMR spectra are shown in Figure 7 as the set time is increased from 0.25 to 45 s. The photolysis step converts a small and essentially equivalent amount of 2 into 4 each time. Thus, the only difference between these experiments is the amount of time that the solution waits in the Earth's magnetic field before transfer to high field for monitoring. To confirm reproducibility, the same set of experiments was repeated in reverse, starting with the longest set time to the shortest (see the Supporting Information). The resulting signal decays were fit to a single exponential function with an average T S value for compound 4 at Earth's magnetic field storage of 12 ± 1 s (Figure 8a,b) .
In a further series of measurements, the activated reaction mixture was first photolyzed for 20 s with p-H 2 bubbling through it. After this time, the solution was transferred to the spectrometer and a 15 N{ 1 H} measurement completed. These spectra were acquired consecutively with a small flip angle pulse (30°) and a delay of 1.05 s between them. The resulting signal intensity decay was then fit to an exponential function (see the Supporting Information) to determine the T S of 4 at high field (9.4 T), which was 12 ± 3 s.
This process involving a single photolysis period was then repeated with repolarization. To do this, a sample was photolyzed for 20 s under p-H 2 prior to making an initial 15 N{ 1 H} measurement. The solution was then transferred back to the mixing chamber and p-H 2 added for 20 s before being sent back to the NMR spectrometer for FID acquisition. This sequence was repeated until no signal for 4 could be observed. In this way, we used the hyperpolarization of 4 to determine its chemical lifetime. These data were fitted to an exponential decay, and a chemical lifetime of 100 ± 5 s was estimated (Figure 8c,d) . Our attempts to determine the chemical lifetime of 4 by UV−vis spectroscopy were unsuccessful, although we observed bleaching due to the consumption of 2.
Implications for the Formation of para-N 2 . We exploited the NMR signal integration of 5a and 5b formed in the cycloaddition process ( Figure 6 ) to assess the ratio of N 2 production versus the formation of the diazo-4. At 33% consumption of 2, where the products 5a and 5b account for 19%, the peak for ortho 15 N 2 is 4% of the original signal for 2 (as derived from integration of the 15 N spectrum under Boltzman conditions). The 10% of unassigned product could be rationalized by further N 2 gas in the head space of the NMR 
Article tube (or by the NMR silent p-N 2 , see the Supporting Information). These results indicate an approximate 1:1 ratio for N 2 liberation and photoisomerization processes assuming similar relaxation rates of 15 N for the different species (see the Supporting Information). The observation of polarized N 2 at δ 309 corroborates the potential formation of p-N 2 , the singlet nuclear spin isomer of N 2 if the singlet state of 2 is preserved throughout the photochemical process. The detection of the hyperpolarized cycloaddition products (Figure 9 , paths A and D) confirms retention of hyperpolarization. Similar reasoning has been used to justify p-N 2 generation by others. 37 Unfortunately, while diazo-4 was predicted to form by both photoisomerization (Figure 9 , path A) and the recombination of N 2 and the carbene 17 ( Figure 9 , pathways B and C), we see no difference in product distribution when the photolysis step is performed under an N 2 atmosphere. Therefore, we cannot attribute the detection of hyperpolarized 4 to the intermolecular recombination pathway ( Figure 9 , pathways B and C). We note that p-N 2 can be formed by the direct route B of Figure 9 or as a secondary photoproduct via routes A and C. In either of these mechanisms, the p-N 2 signal will however be NMR silent as it is perfectly symmetric and nonmagnetic in nature.
■ CONCLUSIONS
In this Article, we have successfully used photochemistry to unlock the detection of a silent magnetic singlet state in 15 N 2 -OTBS-diazirine 2 that was created via the SABRE mechanism (estimated T S at 9.4 T of 17 ± 3 s). Catalyst 3 of Scheme 4 with bound hydride, pyridine, and diazirine ligands was characterized by NMR spectroscopy and identified to play a key role in this step. The photoisomerization of 2 afforded unstable diazo-4 of Scheme 5, which was also characterized in solution by NMR spectroscopy. The T S of 4 was determined both at low field (≃500 mG) and at high field (9.4 T) to be 12 ± 1 s. This lifetime is relatively insensitive to the strength of the magnetic field. The nature of the singlet state of 4 has been validated by controlled radio frequency excitation and filtration experiments with the theoretical simulations detailed matching perfectly with the experimental findings. In contrast, the chemical lifetime of 4 is 100 ± 5 s and therefore substantially longer than its magnetic state lifetime.
We have further shown that 4 can be trapped by a suitable agent to afford complexes 5a and 5b. Remarkably, this process retains both hyperpolarization and singlet state in the products, indicating a 1,3-dipolar cycloaddition which must involve spin correlated electron transfer. Hence, we have established that hyperpolarization is a potential route to rationalize the outcome of organic pericyclic reactions. The different pathways for the photodecomposition of 2 are analyzed to account for generation of N 2 and support the formation of p-N 2 . We are seeking to obtain more direct evidence for the formation of p-N 2 and plan to exploit its hyperpolarization potential.
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